Phantom limb pain (PLP) in amputees is associated with reorganizational changes in the somatosensory system. To investigate the relationship between somatosensory and motor reorganization and phantom limb pain, we used focal transcranial magnetic stimulation (TMS) of the motor cortex and neuroelectric source imaging of the somatosensory cortex (SI) in patients with and without phantom limb pain. For transcranial magnetic stimulation, recordings were made bilaterally from the biceps brachii, zygomaticus, and depressor labii inferioris muscles. Neuroelectric source imaging of the EEG was obtained after somatosensory stimulation of the skin overlying face and hand. Patients with phantom limb pain had larger motor-evoked potentials from the biceps brachii, and the map of outputs was larger for muscles on the amputated side compared with the intact side. The optimal scalp positions for stimulation of the zygomaticus and depressor labii inferioris muscles were displaced significantly more medially (toward the missing hand representation) in patients with phantom limb pain only. Neuroelectric source imaging revealed a similar medial displacement of the dipole center for face stimulation in patients with phantom limb pain. There was a high correlation between the magnitude of the shift of the cortical representation of the mouth into the hand area in motor and somatosensory cortex and phantom limb pain. These results show enhanced plasticity in both the motor and somatosensory domains in amputees with phantom limb pain.
Amputation in humans leads to extensive reorganization in the somatosensory (Sica et al., 1984; Elbert et al., 1994; Yang et al., 1994; Flor et al., 1995; Reshetnyak et al., 1996; Birbaumer et al., 1997; Kew et al., 1997; Borsook et al., 1998; Davis et al., 1998; Flor et al., 1998; Montoya et al., 1998; Grüsser et al., 2001 ) and the motor cortex (Hall et al., 1990; Cohen et al., 1991; Fuhr et al., 1992; Kew et al., 1994; Ojemann and Silbergeld, 1995; PascualLeone et al., 1996; Chen et al., 1998; Röricht et al., 1999) . Phantom limb pain (PLP) is a condition characterized by sensations of pain in the missing limb. It is usually more common in the initial stages after amputations (Jensen et al., 1985; Jensen and Rasmussen, 1995) , but in some cases, it can remain present for many years (Sunderland, 1978; Sherman, 1989) . Phantom limb pain is strongly correlated with representational plasticity in the somatosensory cortex (SI) Montoya et al., 1998; Grüsser et al., 2001) .
Despite the extensive information on plastic changes in the human motor system after amputation (Hall et al., 1990; Cohen et al., 1991; Fuhr et al., 1992; Kew et al., 1994; Ojemann and Silbergeld, 1995; Pascual-Leone et al., 1996; Chen et al., 1998; Cohen et al., 1998) , it is unclear, except for a single case report (Pascual-Leone et al., 1996) , whether motor representations surrounding the representation of the missing limb expand over the deafferented cortex. It is also not known whether motor plasticity is related to phantom limb pain, a correlate of the somatosensory plasticity described previously by Flor et al. (1995) . This form of representational plasticity in the motor domain can be studied using neuroimaging (Khorram-Sefat et al., 1997) and neurophysiological techniques such as transcranial magnetic stimulation (TMS) .
The purpose of this study was to identify plastic changes in the motor and somatosensory domains in amputees with and without phantom limb pain.
MATERIALS AND METHODS
Participants. Five upper limb amputees with PL P and five pain-free amputees (non-PL P) participated in the study. Nine of the subjects were male. The groups were not significantly different regarding age, stump length, and handedness before the amputation (Table 1 ). All subjects gave written informed consent for the study, and the protocol was approved by the C linical Research Review Committee of the University of T übingen.
Evaluation of phantom sensations. Duration, intensity, and frequency of phantom limb pain, nonpainf ul phantom sensations, stump pain, and stump sensations were investigated by a standardized interview and the German version of the West Haven -Yale Multidimensional Pain Inventory (Kerns et al., 1985; Flor et al., 1990) modified to separately evaluate stump and phantom limb pain . In addition, referred sensations were tested by Q-tip and pin prick from 200 body sites as described previously .
Determination of motor reorganization. Focal TMS was delivered from a MagPro (Dantec Skovlunde, Copenhagen, Denmark) magnetic stimulator (study 1) through an 8-shaped magnetic coil (MC B70, 35 kt/sec, active pulse width 51 sec, peak-B-field ϭ 1.1 tesla). All 10 upper limb amputees participated in this study. Each wing of the coil had an 8 cm diameter. The magnetic coil, which delivers relatively focal stimuli (Cohen et al., 1990) , was positioned to induce currents flowing approximately perpendicular to the central sulcus . The optimal scalp position was defined as the position that, on stimulation, elicited the largest peak-to-peak motor-evoked potential amplitude in each muscle. Motor thresholds were determined after stimulation of the optimal scalp position for each of two muscles: biceps brachii and zygomaticus. The motor threshold was defined as the lowest stimulus intensity that elicited motor-evoked potentials of at least 50 V peak-topeak amplitude in at least 5 of 10 trials at rest. Motor threshold provides indirect information about neuronal membrane excitability levels in the human motor cortex (Z iemann et al., 1996; Cohen et al., 1998 ) and possibly about excitability at subcortical sites. Motor threshold is elevated by sodium channel blockers such as carbamazepine and phenytoin (Mavroudakis et al., 1994; Z iemann et al., 1996; Chen et al., 1997) and is unchanged by GABAergic drugs such as benzodiazepines or vigabatrin (Inghilleri et al., 1996; Z iemann et al., 1996; Mavroudakis et al., 1997) and anti-glutamatergic drugs such as gabapentin or riluzole (Z iemann et al., 1996; Liepert et al., 1998b) . Maps of output targeting each muscle were then obtained by applying single TMS stimuli at an intensity of 20% above the subject's motor threshold for each muscle. Intervals between stimuli were at least 5 sec. Each scalp position was stimulated three times. Electromyographic responses were recorded from surface electrodes overlying the muscle bellies of the first complete muscle above the stump (biceps brachii), amplified by Synamps amplifiers (Neuroscan Labs; bandpass 10 Hz to 2000 kHz), and stored for off-line analysis. A 7 ϫ 9 cm grid of positions was randomly stimulated on each hemisphere, one at a time, with C z as reference.
In two of the six subjects described above (one without, one with phantom limb pain), a modified procedure of transcranial magnetic stimulation mapping was used in an additional assessment (study 2). Stimuli were delivered from a Pro#4 high-speed stimulator (C adwell Laboratories) through a smaller more focal figure-eight magnetic coil; each wing had a diameter of 5.4 cm. Stimulus intensities were adjusted for each individual muscle and set to 10% above motor threshold. The grid of stimulated positions was extended from 7 ϫ 9 to 9 ϫ 14 cm, and the number of stimulations per position was increased to 10. Recordings from face muscles were made from the less bilaterally represented muscle depressor labii inferioris instead of the muscle zygomaticus major . The optimal scalp position and the motor threshold were determined as described above.
In study 1, motor-evoked potentials obtained from biceps brachii and zygomaticus (Table 1) after stimulation of each position were baseline corrected, rectified, and averaged. Subsequently, the maximal motorevoked potential amplitude obtained by stimulation of any position was identified. For mapping purposes, the largest motor-evoked potential amplitude for each muscle was defined as 100%, and the motor-evoked potentials obtained after stimulation of other scalp positions were expressed as a percentage of this maximal response at the optimal scalp position.
In the two subjects of study 2 who were studied with the more focal coil and more detailed grid, motor-evoked potentials obtained from the biceps brachii and depressor labii inferioris after stimulation of each position were baseline corrected, rectified, and averaged. Maps of output were determined as described above, and centers of gravity were calculated. The size of motor maps determined in this way is influenced by a combination of factors that include excitability of the motor representation Rothwell, 1995, 1997; Thickbroom et al., 1998) .
The center of gravity, an amplitude-weighted representative position of a motor map, was computed as follows. The coronal coordinate of the center of gravity is computed by multiplying the coronal coordinate of each position by the motor-evoked potential amplitude obtained after stimulation of that position and summing over all positions. The sagittal coordinate is computed in an analogous way. The center of gravity is usually more lateral for distal hand muscles and progressively more medial for forearm and upper arm muscles (Wassermann et al., 1992) . The distance of the optimal scalp position and the lateral and medial border of each muscle representation from C z were also determined. The evaluation of the center of gravity and the distance between optimal scalp position and the midline are usef ul because they allow identification of mediolateral map displacements (Cohen et al., 1995 (Cohen et al., , 1996 Liepert et al., 1998a) and could reflect directionally selective expansion of the motor representation .
Determination of somatosensor y reorganization. In six subjects (three with and three without phantom limb pain), neuroelectric source imaging of the somatosensory cortex was performed (study 3). Light superficial pressure stimuli were applied to each of the following four sites: first and fifth digit of the intact hand, and corner of the lower lip on both the intact and the amputation side. At each location, 1000 pneumatic stimuli were applied (Elbert et al., 1994; Yang et al., 1994; Flor et al., 1995) . The four blocks of 1000 stimuli with a duration of 50 msec were delivered in random order to the four sites with interstimulus intervals of 705 msec. Somatosensory evoked potentials (SEPs) were obtained from 60 electrodes that were affixed to an elastic cap and spaced 3 cm apart (center to center) in a 6 ϫ 10 rectangular array centered over C z using a linked ear reference. All signals were sampled at a rate of 1 kHz with a bandpass from 0.1 to 200 Hz using a 64-channel Synamps amplifier. Trials that exceeded 200 V in any channel were excluded from f urther analysis (median rejection rate: 11.2%). Eye movement artifacts, determined from vertical and horizontal electro-oculographic recordings, were corrected using the algorithm incorporated in the Neuroscan software (Semlitsch et al., 1986) . SEPs were filtered off-line using a lowfrequency cutoff (8 Hz) and then transformed to a common average reference. For each somatosensory evoked field, a principal component analysis (PCA) was performed to achieve an improved signal-to-noise ratio. The PCA was computed for a time window ranging from 40 msec prestimulus baseline through 85 msec after stimulus onset (125 data points), which was chosen on the basis of previous findings concerning the approximate time window for primary SI activity (Elbert et al., 1994 Flor et al., 1995) .
To increase the signal-to-noise ratio for the dipole fitting in the contralateral hemisphere, the overall weight of the SEPs from the hemisphere ipsilateral to the site of stimulation (which receives a lesser input from the stimulated side) was decreased . The amplitudes of the SEPs from the hemisphere ipsilateral to the site of stimulation were weighted in an exponential fashion, with maximal input from the more medial electrodes and minimal input from the temporal locations. The amplitudes of the SEPs from the hemisphere contralateral to the site of stimulation were used in an unweighted fashion. The three-dimensional location of each dipole was then computed based on three-dimensional magnetic resonance coordinates (determined for each individual) of the 60 electrode positions, which had been marked individually with vitamin E capsules (Siemens Vision MR scanner: 198 slices; field of view ϭ 230 mm; 3-D Flash; repetition time ϭ 20 msec; echo time ϭ 6 msec; ␣ ϭ 30). For each electrical field distribution, a spherical four-shell model of the head was fitted using a standard least squares fit algorithm of the electrode coordinates; the radii from the center to the scalp, skull, liquid, and cortex surface were estimated according to standard ratios (Cuffin and Cohen, 1979) . A coordinate system was used that had its origin in the center of the sphere, its z-axis pointing toward C z, its x-axis oriented in the medial-lateral direction, and its y-axis pointed in the anterior-posterior direction. A larger polar angle denotes a more lateral and inferior position of the respective location; a smaller polar angle is achieved by more medial and superior locations . Cortical reorganization was determined by computing the polar angle (referred to as C z) of the dipole locations of the finger and lip representations on the postcentral gyrus. The polar angle of the (absent) finger on the amputation side was computed by projecting the finger representation of the intact side across the midline onto the hemisphere contralateral to the amputation stump, thus creating a "mirror" finger location of the amputation side (Elbert et al., 1994) .
Coreg istration of motor and somatosensor y representations. To compare representational changes in motor and somatosensory systems, the six subjects who participated in SEP recordings (three with and three without phantom limb pain) also received transcranial magnetic stimulation. The somatosensory data were then overlaid on magnetic resonance images (study 3). The location of the dipole (computed as described above) of the somatosensory representation of the lips (amputated and intact side) and intact hand as well as that of the mirrored location of the intact lip was then superimposed on the magnetic resonance image. For coregistration purposes, the center of gravity for the motor maps was calculated using the following formula with x and y signif ying the lateral-medial and anterior-posterior distance from C z and f referring to the amplitude of the motor-evoked potential:
and y ϭ yf͑ y͒ f͑ y͒ ͬ .
The size of the circles in Figures 2 and 3 represents 1 SD around the center of gravity as calculated by the following formula:
This information was then projected onto the same individual's magnetic resonance image. Statistical anal ysis of the data. Analyses were performed with hypothesis-guided one-tailed t tests for independent and paired samples. In the case of non-normal distribution the data were log-transformed. The relationship between the hemispheric difference of the motor threshold and the time since the amputation was computed by PearsonBravais correlation. The relationship between motor and somatosensory reorganization was computed by Spearman rank correlations using the distance of the optimal scalp position from C z on the hemisphere representing the amputation side and the Euclidean distance measure in the somatosensory domain.
RESULTS

Transcranial magnetic stimulation Study 1
For the 10 subjects of study 1, motor threshold was lower for the biceps muscle on the amputated side (75.18 Ϯ 12.98 A/sec) than for that on the intact side (87.57 Ϯ 30.17 A/sec), although this difference did not reach statistical significance, as was revealed by repeated measures ANOVA including "phantom limb pain" as . There was a positive correlation, however, between the interhemispheric differences in motor threshold for the biceps muscle and the time since amputation (r ϭ 0.657; p Ͻ 0.05; Pearson-Bravais correlation) (Fig. 1) . Amplitudes of the motor-evoked potentials were determined as another indicator of motor cortex excitability. One subject without phantom limb pain was excluded as an outlier from this analysis ( Table 2) . Repeated measures ANOVA for the motorevoked potential of the biceps including phantom limb pain as between-subjects factor and stimulation side (contralateral to the amputated/intact side) revealed a weak tendency for the interaction between phantom limb pain and stimulation side (F (1,7) ϭ 2.98; p ϭ 0.12), but no effects for phantom limb pain (F (1,7) ϭ 1.10; NS) and stimulation side (F (1,7) ϭ 0.07; NS). Post hoc t tests revealed that only patients with phantom limb pain had larger amplitudes of the motor-evoked potentials for the biceps brachii on the amputated side as compared with the intact side (t (4) ϭ 1.85; p ϭ 0.06), whereas no side difference was found within the patients without phantom limb pain (t (4) ϭ Ϫ0.93; NS). Post hoc t tests revealed further that the motor-evoked potentials at the amputated side differed significantly between the groups with the patients with phantom limb pain (158.32 Ϯ 94.97 V), showing a higher amplitude than the patients without phantom limb pain (54.02 Ϯ 14.60 V) (t (4.23) ϭ 2.42; p Ͻ 0.05). Repeated measures ANOVA for the motor-evoked potential of the zygomaticus did not indicate statistically significant effects (phantom limb pain: F (1,7) ϭ 0.11; NS; stimulation side: F (1,7) ϭ 0.29; NS; phantom limb pain ϫ stimulation side: F (1,7) ϭ 0.57; NS).
The topographic motor representations of the biceps and zygomaticus muscles were determined by assessing the optimal scalp position (the scalp position with the highest motor evoked potential measured in centimeters from the midline) and by determining the center of gravity for the biceps brachii. Because the lateral border of the zygomaticus map could not be properly defined given the relatively large Dantec coil used in study 1, the center of gravity of the face muscles was computed only in study 2.
Repeated measures ANOVA for the optimal scalp position of the biceps brachii with phantom limb pain as between-subjects factor and stimulation side (contralateral to the amputated/intact side) as within-subjects factor tended to be significant for stimulation side (F (1,8) 
NS).
A repeated measures ANOVA for the optimal scalp position for stimulation of the zygomaticus muscle with phantom limb pain as between-subjects factor and stimulation side (contralateral to the amputated/intact side) as within-subjects factor was significant for the interaction phantom limb pain ϫ stimulation side (F (1,8) ϭ 12.50; p Ͻ 0.01; stimulation side: F (1,8) ϭ 2.00; NS). Post hoc t tests revealed that the optimal scalp position of the zygomaticus muscle representation in the hemisphere contralateral to the amputated side was located more medially in patients with phantom limb pain than in those without phantom limb pain (t (4) ϭ Ϫ6.53; p Ͻ 0.01). Only in patients with phantom limb pain did post hoc t tests reveal a significant hemispheric difference with a more medial zygomaticus representation at the hemisphere contralateral to the amputation as compared with the intact side (t (4) ϭ Ϫ5.72; p Ͻ 0.01; patients without phantom limb pain: t (4) ϭ 1.18; NS).
Study 2
For the two subjects of study 2, the motor threshold was lower for the biceps brachii and the depressor labii inferioris on the amputated as compared with the intact side, regardless of the presence of phantom limb pain. For the patient with phantom limb pain, motor thresholds of 56 and 60% were obtained for the biceps of the amputated versus intact side. Motor threshold was 70% for the depressor labii inferioris of the amputated and 85% for the intact side. For the patient without phantom limb pain, the motor threshold was 73% for the biceps of the amputated and 85% for the intact side. For the depressor labii inferioris motor threshold was 85% of the amputated and of 89% for the intact side. The patient with phantom limb pain displayed generally lower motor thresholds than the patient without phantom limb pain.
In the patient with phantom limb pain, the motor-evoked potential of the biceps brachii was larger on the amputated (79.6 V) than the intact (42.8 V) side. The motor-evoked potential of the depressor labii inferioris was smaller on the amputated than on the intact side in both patients. For the phantom limb pain patient, the motor-evoked potential of the depressor labii inferioris of the amputated side was 110.8 V compared with 264.4 V on the intact side. For the patient without phantom limb pain, the motor-evoked potential for the depressor labii inferioris of the amputated side was 124.1 V; for the intact side, it was 232.0 V.
The centers of gravity of the depressor labii inferioris and of the biceps brachii of the amputated side were located more medially than in the intact side in both patients. In the phantom limb pain patient, the center of gravity of the depressor labii inferioris of the amputated side was 9.19 cm compared with 11.30 cm on the intact side. The center of gravity of the biceps brachii of the amputated side was 2.39 cm from the midline compared with 3.10 cm on the intact side. In the patient without phantom limb pain, the center of gravity of the depressor labii inferioris of the amputated side was 7.43 cm from the midline; that of the intact side was 9.83 cm. In the same patient, the center of gravity of the biceps brachii of the amputated side was 5.03 cm from the midline, whereas that of the intact side was 6.56 cm.
Combination of neuroelectric source imaging and transcranial magnetic stimulation data (study 3)
Neuroelectric source imaging revealed a significantly larger shift (indicated by a larger difference of the polar angles of the amputated and intact representations) of the mouth area into the hand area on the somatosensory cortex contralateral to the amputation side in the phantom limb pain subjects as compared with the pain-free amputees (t (4) ϭ Ϫ2.37; p Ͻ 0.05) (see Table 3 , Fig. 3 ) as demonstrated in previous studies . The medial displacement of the somatosensory representation of the mouth ( Fig. 3 ) in the transcranial magnetic stimulation paradigm. In one phantom limb pain patient of study 2 (Fig. 3) , both the somatosensory representation of the lower lip and the motor representation of the depressor labii inferioris as determined by transcranial magnetic stimulation were co-registered. These data show that the shift of the somatosensory motor representation was paralleled by a similar shift of the depressor labii inferioris representation. In addition, the size of the motor maps (indicated by 1 SD of the center of gravity of that muscle and superimposed on the magnetic resonance image) of both the biceps (Figs. 2, 3 ) and the depressor labii inferioris (Fig. 3) was larger contralateral to the amputation side as compared with the intact side. Contrary to expectations, the center of gravity of the biceps in this patient was displaced more medially rather than laterally. The difference of the size of the motor maps (calculated as the SD of the center of gravity of the biceps brachii) between the amputated and the intact side was significantly larger for the amputees with pain compared with the pain-free amputees (t (4) ϭ 2.58; p Ͻ 0.05), suggesting increased excitability of the biceps cortical representation contralateral to the amputation side in patients with phantom limb pain (Figs. 2, 3) .
The medial displacement of the somatosensory representation of the lip on the amputated side was significantly positively correlated with the medial displacement of the optimal scalp position of the zygomaticus (r ϭ Ϫ0.939; p Ͻ 0.005). Somatosensory reorganization correlated well with the magnitude of phantom limb pain (r ϭ 0.832; p Ͻ 0.05). Additionally, the more intense the phantom limb pain, the more medial was the optimal scalp position of the zygomaticus (r ϭ Ϫ0.939; p Ͻ 0.005). Nonpainful phantom sensations, including referred sensations (present in three subjects, one with topographic remapping), were not significantly correlated with any of the reorganization measures (r Ͻ 0.080; NS).
DISCUSSION
Our results indicate a different magnitude of motor and somatosensory cortical plasticity in amputees with and without phantom limb pain
Sensorimotor plasticity after amputation
In the human somatosensory system, plasticity after deafferentation has been detected at cortical (Ramachandran, 1993; Elbert et al., 1994; Yang et al., 1994; Flor et al., 1995 Flor et al., , 1998 Borsook et al., 1998; Montoya et al., 1998; Grüsser et al., 2001 ) and thalamic levels (Davis et al., 1998) , and it correlates with phantom limb pain. In this study we found that the medial displacement of the face somatosensory representation (lip) was correlated positively with the medial displacement of the face motor representation (zygomaticus muscle) and with the magnitude of phantom limb pain. Additionally, the more intense the phantom limb pain, the more medial the displacement of the face motor representation (zygomaticus muscle). Related studies after amputations in monkeys in whom phantom limb pain was not assessed have not identified a displacement of the mouth motor representation (Schieber and Deuel, 1997; Wu and Kaas, 1999) . Nonpainful phantom phenomena such as topographically referred phantom sensations have been described (Ramachandran et al., 1992a,b; Halligan et al., 1993; Aglioti et al., 1994 Aglioti et al., , 1995 Aglioti et al., , 1997 Elbert et al., 1994; Halligan and Marshall, 1994; Flor et al., 1995 Flor et al., , 1998 Knecht et al., 1995 Knecht et al., , 1996 Knecht et al., , 1998 Montoya et al., 1998; Grüsser et al., 2001 ) in some amputees. Although some of our subjects also described these and related nonpainful phantom phenomena, nonpainful sensations were not significantly correlated with measures of motor or somatosensory plasticity. Although the link between phantom limb pain and sensorimotor plasticity is still unclear, evidence from stimulation of motor cortex suggests that it can modify pain related to deafferentation (Saitoh et al., 2000) . Overall, these findings support the association of somatosensory and motor reorganization after amputations and phantom limb pain.
Given the high concordance between motor and somatosensory plasticity found in this study, it is reasonable to assume that reorganization of the somatosensory cortex can play a role in the motor plasticity described here. In fact, the somatosensory cortex has projections to layers II/III of the motor cortex that are closely connected to motor output neurons in layer V (Kaneko et al., 1994a,b) . Stimulation of the somatosensory cortex is known to induce long-term potentiation in the motor cortex (Sakamoto et al., 1987) . Additionally, projections from the somatosensory cortex to the motor cortex are important in the acquisition of motor skills (Pavlides et al., 1993) . Therefore, reorganization in the motor cortex may be secondary to changes in the somatosensory cortex. An alternative possibility would be that reorganization in the thalamus modulates motor plasticity (Jones and Pons, 1998) .
Site of plasticity after amputation
Previous reports demonstrated increased excitability of the motor cortex contralateral to an upper arm amputation (Hall et al., 1990; Cohen et al., 1991 Cohen et al., , 1993 Fuhr et al., 1992; Kew et al., 1994; Ojemann and Silbergeld, 1995; Pascual-Leone et al., 1996) . Our results here expand previous findings by identifying a differential magnitude of plastic changes according to the presence or absence of phantom limb pain. Motor reorganization in amputees takes place predominantly at the cortical level (Brasil-Neto et al., 1992 , 1993 Fuhr et al., 1992; Chen et al., 1998) . It is likely that cortical mechanisms are also responsible for the differences in reorganization observed in both patient groups. Three lines of evidence point to this site. (1) The excitability of the motor neuron pool in amputees remains unchanged, whereas the motorevoked potentials to transcranial magnetic stimulation show substantial differences between the amputated and intact side, pointing to a suprasegmental site (Fuhr et al., 1992) . (2) Intracortical inhibition and excitation are substantially abnormal on the side of the amputation . (3) Other studies demonstrated that reversible or transient deafferentation is associated with reorganization at cortical levels (Brasil-Neto et al., 1993).
Our results, however, do not rule out the possibility of additional subcortical reorganization.
Measures of cortical plasticity and implications for mechanisms
In this study, motor threshold tended to be lower for arm muscles ipsilateral to the amputation, a finding consistent with previous reports (Hall et al., 1990; Cohen et al., 1991; Chen et al., 1998) that could reflect changes in sodium channels, already implicated in other forms of plasticity (Carp and Wolpaw, 1994; Halter et al., 1995) . Interestingly, motor thresholds do not change after shortterm deafferentation (Brasil-Neto et al., 1992 , 1993 Ridding and Rothwell, 1997; Ziemann et al., 1998) , but decrease after longterm amputations (Cohen et al., 1991; Chen et al., 1998) , as also reported in animal models (Sanes et al., 1990; Huntley, 1997) . These findings are consistent with our result reported here that a higher hemispheric difference in motor threshold is correlated with a longer time period between amputation and testing. In addition to changes in the motor threshold, motor-evoked potential amplitudes from biceps ipsilateral to the stump were larger in patients with phantom limb pain than in pain-free patients, further suggesting enhanced cortical excitability of the stump representation in patients with phantom limb pain. Motor map size is influenced by changes in excitability of the motor representations Thickbroom et al., 1998) . On the other hand, optimal positions for stimulation and centers of gravity could reflect directionally selective expansions of the motor representations or regional changes in excitability within the same motor representation (Cohen et al., 1995 (Cohen et al., , 1996 Liepert et al., 1998a) . In our study, we found medial displacements of the optimal position for stimulation for mouth muscles ipsilateral to the stump in patients with phantom limb Figure 2 . Superimposition of somatosensory representations of the first digit (D1) (square) and of the fifth digit (D5) ( filled black triangle) of the intact hand and motor representation of the biceps brachii (large circles) on each subjects' MRI. Data from three patients with phantom limb pain (PLP, bottom) and three without PLP (non-PLP, top) are shown (patients non-PLP 1, non-PLP 2, and PLP 2 had right arm amputations; patients PLP 1, PLP 3, and non-PLP 3 had left arm amputations). The somatosensory representations of the lips on the amputated and intact sides are indicated by the white dot with the black edge. The lip representation corresponding to the intact side was projected over the representation corresponding to the amputated side (Elbert et al., 1994) and is displayed as small black dot overlaid on a larger hatched circle. Note the larger size of the biceps representations in PLP patients but not in non-PLP patients.
pain in study 1. In study 2, the medial displacement of the center of gravity of the depressor labii inferioris was detected regardless of phantom limb pain. We interpret these findings as reflecting directionally selective expansion of the mouth representation over the deafferented hand representation or increased excitability of the part of the mouth representation bordering the deafferented hand representation. This form of motor plasticity across limb representation boundaries has been demonstrated before in animals (Huntley, 1997) and in humans with facial palsy (Rijntjes et al., 1997) , but it has not been associated with painful conditions. Results obtained from biceps recordings are consistent with an increased excitability of the biceps motor representation contralateral to the amputated limb. Contrary to our expectation, the biceps representation did not shift laterally, indicating that the representational plasticity detected when testing mouth muscles was absent in upper arm muscles. Although the upper arm motor representation is intertwined with the hand representation in monkeys (Donoghue et al., 1992) and humans (Rao et al., 1995) , the face representation has a relatively clear boundary with the hand representation. It is conceivable that the medial expansion of the face representation across a well defined boundary will be more easily identified in the motor maps. On the other hand, displacements of the upper arm muscles over hand muscles are of the order of only 0.5 cm (Cohen et al., 1995 (Cohen et al., , 1996 because both representations overlap substantially. Another reason for the lack of lateral displacement of the upper arm representation may be the fact that three of the five subjects with phantom limb pain also complained of stump pain. Flor et al. (1997) reported expansion of the body region affected by chronic pain in SI over neighboring representations. Therefore, one would expect that stump pain might lead to an enlarged representation of the stump area that might interfere with the reorganizational changes related to the original deafferentation. Another factor could be that use of the stump might also have prevented the deafferentation-induced changes from occurring (Jenkins et al., 1990; Lotze et al., 1999) .
Functional relevance of cortical plasticity
Results from our study further add to an accumulating literature that suggests that some measures of cortical reorganization are associated with aversive perceptual experiences such as phantom limb pain , chronic pain , or tinnitus Elbert and Flor, 1999) , defining what can be called "maladaptive" plasticity. In contrast to previous reports, this study included only patients whose amputations had occurred several years before the investigation, and a substantial number of the patients suffered from chronic pain before the amputation. It is possible that different relationships between pain and cortical reorganization exist in recently amputated subjects or subjects with long-standing pain as compared with no long-standing pain before the amputation (Pascual-Leone et al., 1996; Flor and Birbaumer, 2000) . Other forms of plasticity can play a clearly compensatory and beneficial role, as in the case of cross-modal plasticity in blind humans (Cohen et al., 1997) , or a likely beneficial role, as in the case of recovery of motor function after stroke (Hamdy et al., 1996; Kopp et al., 1999) . It is important to define in each specific setting of plasticity to which extent it plays a beneficial role and to which extent it is maladaptive. This is the precondition for designing appropriate therapeutic strategies to enhance it (e.g., by using transcranial magnetic stimulation) when beneficial or to downregulate it when maladaptive .
In summary, we report here differential motor and somatosensory reorganization in patients with and without phantom limb pain and provide further evidence for reorganizational plasticity in the human somatosensory and motor cortex after amputations. in a patient with PLP tested in study 2 to obtain a more precise motor map using a more focal coil (Cadwell 8-shaped coil). The somatosensory representation of the lip on the amputated side is indicated by the white dot with the black border and that of the intact side is indicated by the black dot. The lip representation corresponding to the intact side was projected over the representation corresponding to the amputated side (Elbert et al., 1994) and displayed as a large filled gray circle. Note the larger size of the biceps and depressor labii inferioris representations in these patients and particularly the smaller distance between biceps and depressor labii inferioris representations in the hemisphere contralateral to the amputation.
